We examined the extent to which findings from the literature on naive physics and representational momentum studies are consistent with impetus beliefs postulating imparted internal energy as a source of motion. In a literature review, we showed that, for situations in which impetus theory and physical principles make different predictions, representational momentum effects are consistent with impetus beliefs. In three new experiments, we examined people's implicit and explicit knowledge of the effect of mass on the rate of ascending motion. The results suggest that implicit knowledge is consistent with impetus theory and is unaffected by explicit knowledge. Expert physicists, whose explicit knowledge is in accord with Newtonian principles, exhibited the same implicit impetus beliefs as novices when asked to respond in a representational momentum paradigm. We propose that, in situations in which an immediate response is required and one does not have specific contextual knowledge about an object's motion, both physics experts and novices apply impetus principles as a default heuristic.
Everyday experience provides people with innumerable opportunities for interacting with moving objects. For example, in order to catch a ball, we have to anticipate its trajectory and place our hands in the right position in space and time to interrupt its motion. How accurate are our predictions about objects' trajectories? What sources of information do people use to predict objects' motions?
The above questions have received widespread attention in experimental psychology and physics education studies. These studies vary widely in their methods and experimental techniques. On one end of a continuum are so-called naive physics studies related to the f ields of cognitive psychology and physics education (e.g., Clement, 1982 Clement, , 1983 McCloskey, 1983; McCloskey, Caramazza, & Green, 1980; McCloskey & Kohl, 1983; McCloskey, Washburn, & Felch, 1983) . Most of these studies examine people's beliefs about motion that are verbalizable and consciously accessible and may be considered to be explicit. The general conclusion from naive physics studies is that many people hold erroneous beliefs concerning fundamental laws of motion that are rather similar to medieval impetus beliefs (McCloskey, 1983) . In particular, people hold a mistaken notion that a force applied to an object gives it a store of energy (impetus) that serves to maintain the motion after the object has been released.
On the other end of the continuum are a number of cognitive psychology studies that examine observers' responses on a memory task, which is accomplished by nonconscious processes and based on implicit perceptual knowledge (e.g., Finke, Freyd, & Shyi, 1986; Freyd, 1987; Freyd & Finke, 1984) . The major finding of these studies is that if an observer views an object undergoing implied or apparent motion and the object suddenly disappears, memory for the object's final position is shifted forward in the direction of motion. The general conclusion from these studies is that the perceptual system embodies a principle analogous to physical momentum (i.e., continuing movement of an object until acted upon by a force). This phenomenon has been called representational momentum (RM). Freyd (1987 Freyd ( , 1992 has suggested that RM results from an adaptive internalization of physical momentum into our cognitive-perceptual system. Hubbard (1995b Hubbard ( , 1998 has proposed that RM reflects internalization of environmentally invariant physical principles (such as gravity, friction, and centripetal force).
To what extent might implicit perceptual knowledge about motion differ from explicit conceptual knowledge? Several studies have suggested that from daily interactions with moving objects, people develop perceptually based knowledge about motion that is much more accurate than their naive verbal-cognitive concepts of motion and that this implicit knowledge follows a different developmental course (e.g., Krist, Fieberg, & Wilkening, 1993) . Similarly, Freyd (1987) originally suggested that our implicit intuitive knowledge about motion, as measured in RM studies, reflects internalization of physical principles. This implicit knowledge may be cognitively impenetrable and much more accurate than our explicit conscious knowledge (see also Hubbard, 1998) .
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There are several problems, however, with the conclusion that implicit knowledge of motion is more accurate than explicit knowledge. First, the origin of the strongly held impetus beliefs found in naive physics research remains unclear. If, over the course of evolution, we have acquired implicit knowledge of physical principles and, during formal physics instruction, we are taught those principles explicitly, why do impetus ideas persist even in college physics students? Second, implicit knowledge about motion does not always correspond to the actual behavior of physical systems, and a number of additional f indings suggest that the momentum analogy may be misleading (e.g., Cooper & Munger, 1993; Freyd & Jones, 1994; Verfaillie & D'Ydewalle, 1991) . For instance, Freyd and Jones studied explicit and implicit judgments of the trajectory that a ball would take when exiting a spiral tube. The majority of participants selected the correct trajectory when asked explicitly. However, participants' implicit knowledge, expressed in an RM paradigm, was incorrect and more consistent with impetus predictions. That is, participants exhibited greatest RM not along the correct straight path, but along the incorrect spiral path. Freyd and Jones suggested that, at the perceptual level, participants might attribute an internal force (impetus) to the moving ball that causes the ball to follow a spiral path even after leaving the tube.
In the present study, we propose that implicit knowledge about motion is not in accord with physical principles but, rather, reflects impetus notions derived from our everyday experience. We suggest that this implicit impetus knowledge operates despite conscious beliefs to the contrary and often causes people to be inaccurate in naive physics tasks. The environment is filled with frictional forces, and most moving objects seem to stop of their own accord. Reliance on the implicit impetus notion that moving objects somehow lose their internal energy allows us to respond quickly and accurately in a variety of everyday situations. Nevertheless, the reliance on impetus principles may lead to systematic errors in situations that do not occur very often in everyday life (e.g., balls emerging from a spiral tube). We propose that under conditions in which implicit impetus knowledge leads us astray, people with correct explicit knowledge of physics laws can produce the correct answer if they have enough time to reflect. However, in situations in which an immediate response is required, both physics experts and novices apply impetus principles as a default heuristic.
To provide evidence for the above hypothesis, we first conducted a thorough review of the literature on naive physics and RM. This review revealed that for situations in which impetus theories and Newtonian principles make different predictions, RM effects are consistent with impetus beliefs. We then compared implicit knowledge about motion in a gravitational field (expressed in an RM paradigm) with verbal conceptual knowledge (expressed in explicit judgments). Specifically, we assessed people's predictions of how fast two different masses will ascend in a gravitational field when launched vertically with the same initial velocity, a situation rarely experienced in everyday life. Furthermore, we examined whether expert physicists, whose explicit conceptual knowledge is in accord with Newtonian principles, exhibit the same implicit impetus knowledge as novices when asked to respond quickly in the above situation. If people intuitively apply impetus principles as a default heuristic, we expect that there will be no significant differences between the RM effects exhibited by expert and novice physicists and that these effects will be in accord with impetus, but not Newtonian, principles.
LITERATURE REVIEW
In this section, we will review the historical development of theories of motion, naive physics studies, and RM research. The goal of this review is to examine the kinds of knowledge about motion that are incorporated into our perceptual and cognitive systems.
Historical Development of Theories of Motion
We begin with a historical review of theories of motion. This reveals the range of explicit theories of motion that have been articulated in the history of science and also provides a benchmark against which to compare the conceptions of motion held by different individuals.
Theories about motion predate the ancient Greeks, but Aristotelian and medieval impetus theories influenced physical science until the time of Newton. According to Aristotle's theory, all observed motion of inanimate objects falls into two categories: natural motion and violent motion. Natural motion occurs in the absence of forces, because bodies seek to reach their "natural place," in which they will be in a state of rest. The natural motion of the heavy elements (earth and water) is to fall downward. The natural motion of the light elements (air and fire) is to rise. According to Aristotle, violent motions are those produced by forces. An object remains in violent motion only so long as it is in direct contact with an external mover. To account for the movements of projectiles that are not in direct contact with any "observable" mover, Aristotle suggested that the medium itself (air or water current moving rapidly backward) pushes the object forward (see Dijksterhuis, 1961) .
Finding an Aristotelian explanation unsatisfactory for projectile motion, several medieval philosophers proposed the concept of impetus. The first to discuss impetus was John Philoponus, a 6th-century Greek scholar, and the concept was developed further in the 11th century by Avicenna and in the 14th century by the philosophers Franciscus di Marchia, Jean Buridan, and Nicole Oresme (see Dijksterhuis, 1961; Franklin, 1978) . In contrast to Aristotelian physics, in which the force responsible for motion was proposed to be external to the moving object, impetus theory assumed that the motion is maintained by a force internal to the object, which is acquired when the object is set in motion. There are some differences between different versions of impetus theory, but all of them postulate that the act of setting an object in motion imparts to the object an impetus (i.e., an internal force) that maintains the motion after the object has been released. Furthermore, most versions of impetus theories posit the following: (1) A moving object's impetus progressively dissipates and, as a result, the object decelerates and comes to a stop. The impetus is counteracted by the resistance of the medium in which the motion takes place and, in the case of a body thrown upward, also by gravity, which tends to convey it downward.
(2) The nature of the motion is determined by impetus, so that in one case it can maintain upward motion of projectiles, in another sideways motion, and in a third case motion in a circle. Medieval thinkers even translated the concept of impetus into a more precise form of proportionality to mass and velocity, the same mathematical representation as the concept of momentum in Newtonian physics. However, impetus was regarded as the cause of motion, whereas in Newtonian mechanics, momentum is usually seen only as a symptom of motion-that is, a quantity characterizing it. Furthermore, a qualitative distinction between a state of rest (absence of impetus) and a state of motion (presence of impetus) is contradictory to the principles of Newtonian mechanics.
Hundreds of years after impetus theories were proposed, Galileo and Newton demonstrated that objects remain in motion at a constant velocity or at rest unless acted upon by an external force. No force is required to keep an object in motion at a constant velocity. Any object that is not accelerating can be equally described as at rest or as in constant velocity motion, depending on the choice of a frame of reference.
Naive Physics Studies
To what extent are Aristotelian and impetus principles reflected in explicit ideas about projectile motion? Examination of naive observers' explicit responses to questions concerning projectile motion reveals that these responses are rather similar to medieval impetus notions (e.g., Clement, 1982 Clement, , 1983 McCloskey, 1983; McCloskey et al., 1980; McCloskey & Kohl, 1983; .
The belief system of young children includes Aristotelian notions of natural motion. For instance, some younger children (ages 7-10) believe that falling has an initial cause-namely, a loss of support-but is a natural motion, since there is no need for any force or agency for it to continue (Eckstein & Kozhevnikov, 1997; Eckstein & Shemesh, 1993; Ogborn, 1985) . However, most students, beginning about Grades 5-6 (age, 11-12), acquire beliefs resembling impetus rather than Aristotelian theories (Eckstein & Kozhevnikov, 1997) and continue to hold these beliefs even after physics instruction. Although some researchers have characterized older children's conceptions as Aristotelian, this term was used inappropriately, and the belief systems of most students are closer to medieval impetus theory (see Halloun & Hestenes, 1985 , for a detailed discussion).
Although researchers have often emphasized the "lack of a well-specified naive (impetus) physics theory" (Ranney, 1994, p. 495) , it is incorrect to characterize impetus beliefs as a chaotic set of ideas. There are many different versions of impetus theory, but all of them postulate the same fundamental idea that the act of setting an object in motion imparts to the object an internal force (impetus). 1 Therefore, we consider naive beliefs to reflect impetus principles if they are based on the assumption that motion is maintained by a force internal to an object. On the basis of a review of naive physics research, the following impetus views common to people's naive ideas and medieval impetus theory can be identified.
First, a large proportion of people believe that an object must be directly pushed or pulled to acquire impetus. That is, an object that is merely carried in a horizontal direction by another moving object does not acquire impetus and, therefore, will fall straight down after being released (e.g., Eckstein & Kozhevnikov, 1997; Fishbein, Stavy, & Ma-Naim, 1989; . For instance, Fishbein et al. found that 50% of participants believed that a ball carried by an airplane would fall straight down if released, but only 13.6% believed that a ball launched over a precipice would fall straight down.
Second, many people believe that impetus is selfexpending and that, even in the absence of any external influences, an object's impetus progressively dissipates, so that the object decelerates and comes to a stop. Others believe that impetus is exhausted only by frictional forces. Both of these theories can be seen in history. Buridan, for instance, argued that impetus is not selfexpending, whereas Franciscus di Marchia and Oresme stated that impetus dissipates even in the absence of friction and air resistance (see McCloskey, 1983 , for a review).
Third, many people believe that the nature of motion is determined by impetus-for example, that a "force of throw" acts on an object thrown vertically upward (Clement, 1983; diSessa, 1983 diSessa, , 1988 diSessa, , 1993 Viennot, 1979) . These people believe that this force must be greater than gravity; otherwise, the object would immediately fall down. This impetus view is similar to one held by Galileo in the early stages of his research (see Clement, 1983) . As was described above, many people also believe that an object constrained to move in a curved path acquires a curvilinear impetus that causes the object to follow a curved trajectory for some time after the constraints on its motion are removed (McCloskey, 1983; McCloskey et al., 1980; McCloskey & Kohl, 1983) . Many impetus theorists also postulated a circular impetus that served to maintain the motion of a wheel or sustain the rotation of the celestial objects (see Franklin, 1978) .
Fourth, some people believe that there is interplay between impetus and gravity-that is, gravity does not affect an object until its original impetus falls below some critical level. Thus, for instance, a projectile fired horizontally will follow a straight horizontal trajectory for a while, but its impetus continually dissipates, and at some moment, the projectile, while still moving forward, will begin to fall (McCloskey, 1983; Ranney, 1994) . Some medieval theorists also believed that gravity would not affect an object until its impetus had been entirely or partially expended, whereas others held that gravity would affect an object's motion regardless of how much impetus it had (see a review in Dijksterhuis, 1961) .
The parallel between students' naive conceptions and historical views about motion is striking and casts doubt on the idea that impetus beliefs are just the result of a fragmented understanding of the world of physics. It seems that "to this day every student of elementary physics has to struggle with the same errors . . . and on a reduced scale. . . history repeats itself every year" (Dijksterhuis, 1961, p. 30) .
Consistency of impetus beliefs. There is still a debate in the literature as to whether impetus notions present a consistent belief system (e.g., McCloskey, 1983) or whether they are just the result of a fragmented and situational understanding of physical phenomena (e.g., diSessa, 1983 (e.g., diSessa, , 1988 Ranney, 1988 Ranney, , 1994 . For instance, Ranney and Thagard (1988) found that the same participant might give responses reflecting different motion models (impetus or Newtonian) to different problems, with no correlation of response types across problems (see also Cooke & Breedin, 1994, and Ranney's, 1994, commentary) . That is, people may hold impetus beliefs for McCloskey's curved tube problem, while at the same time giving Newtonian responses regarding horizontal projectile motion. As a result, diSessa (1988) has proposed that instead of a consistent set of beliefs, people might have "a fragmented collection of ideas, loosely connected and reinforcing, having none of the commitment or systematicity that one attributed to theories" (p. 50). Cooke and Breedin suggested that trajectory judgments and explanations are constructed on the fly, with the use of a variety of problem features and knowledge fragments.
Although there is abundant evidence that people's ideas about motion are not completely coherent, this does not imply that there is no theoretical framework that can make accurate predictions about people's judgments of objects' trajectories. Although there is little doubt that contextual cues are critical in trajectory judgments (Catrambone, Jones, Jonides, & Seifert, 1995; Cooke & Breedin, 1994; Kaiser, Jonides, & Alexander, 1986) , the possibility that people's responses might be additionally based on fairly systematic impetus beliefs cannot be ruled out. For example, people may draw on specific experiences to make judgments about object motion in some situations and may fall back on systematic impetus notions in other kinds of situations.
Impetus as the basis for reasoning in unfamiliar situations. People are able to reason appropriately about motion problems related to specific concrete experiences. For example, Kaiser et al. (1986) found that participants produced significantly more correct predictions for the trajectory of water emerging from a curved hose than for a ball emerging from a curved tube. Furthermore, the way in which a problem is presented (in a static diagram or a dynamic animation) or the complexity of the situation may significantly affect task performance (Kaiser, Proffitt, & Anderson, 1985; Kaiser, Proffitt, Whelan, & Hecht, 1992) . However, although people make correct predictions in familiar situations, such as water emerging from a curved hose, they are unable to generalize this knowledge to subsequent unfamiliar problems, such as a ball emerging from a curved tube (Catrambone et al., 1995; Kaiser et al., 1986) . Catrambone et al. concluded that a previous instance must be very superficially similar to a familiar problem to be used as an analogy. Otherwise, people fall back on their impetus beliefs as the basis of their reasoning.
In summary, naive physics research has shown that explicit theories of motion often reflect the basic impetus beliefs. Although contextual cues affect people's judgments of motion, the possibility that people's responses might be additionally based on impetus beliefs cannot be ruled out. For example, when a problem does not elicit a familiar experience, people might systematically fall back on naive impetus responses. In all of the cases in which impetus beliefs are shown, people do not have situationspecific experiences that may help them with a problem solution. They do not often watch balls emerging from curved tubes, bombs thrown from airplanes, or launching projectiles. In this paper, we propose that rather than being unsystematic or "theories of motion on the fly," impetus beliefs reflect a systematic set of beliefs, consistent across individuals, that people fall back on when they do not have specific contextual experience.
Representational Momentum Studies
We now consider the extent to which impetus theories are incorporated into implicit knowledge about motion, as revealed by RM studies.
When an observer views an object undergoing implied or apparent motion and the object suddenly disappears, memory for the object's final position is shifted forward in the direction of motion (e.g., Finke & Freyd, 1985; Finke et al., 1986; Freyd, 1987; Freyd & Finke, 1984) . Freyd (1987) originally concluded that this memory distortion results from dynamic visual representations that reflect an internalization of the inertial properties of real-world object motion. Consistent with this prediction, Freyd and Finke found that the magnitude of RM increased linearly with the velocity implied by the static displays. Freyd & Johnson (1987) also showed that for short retention intervals, the rate of increase in RM was proportional to the implied velocity of the inducing display, as is predicted from the analogy to physical momentum. On the basis of these results, Freyd (1987 Freyd ( , 1993 suggested that RM reflects a spatiotemporal coherence between the external world and internal mental representations.
In addition, Hubbard (1990; Hubbard & Bharucha, 1988) found that memory for descending objects exhibits greater forward displacement than does memory for ascending objects and that memory distortion for horizontally moving objects is also displaced downward below the path of motion. This is consistent with realworld phenomena (i.e., descending objects accelerate, ascending objects decelerate, and horizontally projected objects fall in a parabola). Furthermore, when a horizontally moving target slides along the upper edge of a larger stationary surface or crashes through a barrier, the RM decreases, which is consistent with the operation of frictional forces in a real world (Hubbard, 1995a) . Hubbard (1995a Hubbard ( , 1995b Hubbard ( , 1998 has proposed that the above memory distortions might reflect internalization of environmentally invariant physical principles (such as gravity and friction).
Although a number of additional studies (e.g., Cooper & Munger, 1993; Freyd & Jones, 1994; Verfaillie & D'Ydewalle, 1991) questioned the momentum analogy, the results described above seem to suggest that memory distortions, at least in some situations, follow the principles of Newtonian physics. However, in all these situations, impetus theory makes the same predictions as Newtonian physics. First, impetus cannot be instantly dissipated, and objects cannot be immediately stopped unless they encounter an opposite force. Second, the mathematical representations of impetus and physical momentum are similar, so the effects of velocity on memory distortions cannot differentiate whether impetus or real physics principles are internalized into our representational system. Third, according to impetus theory, an object's impetus progressively dissipates as a result of its counteraction with gravity, in the case of ascending motion, and consequently, the object decelerates. In the case of descending motion, an impetus acts in the same direction as gravity, and the object accelerates.
Therefore, on the basis of the experiments described above, it is impossible to conclude unambiguously that, in these situations, memory distortions follow correct physics principles. If impetus principles were internalized, they would produce exactly the same memory distortions. To discriminate whether implicit knowledge is based on impetus or Newtonian principles, we need to examine cases in which impetus and physical principles give different predictions. We now turn to a consideration of these cases.
First, a ball shot out from a spiral tube will follow a straight trajectory according to Newtonian principles and a spiral path according to impetus predictions. If people have accurate implicit knowledge of the underlying physical principles, the RM for the ball should be produced along the correct straight-line path, and not along the spiral path. However, as was previously noted, Freyd and Jones (1994) found greater RM along the spiral path. In an attempt to reconcile these results with the hypothesis that physical principles are internalized in our representational system, Hubbard (1996 Hubbard ( , p. 1050 introduced the concept of representational centripetal force. That is, the mental representation of an object follows a curved trajectory after exiting the tube because of an inability to instantly stop the action of centripetal force on an object, much as RM results from the inability to instantly stop the represented motion of the object. The concept of representational centripetal force introduced by Hubbard is close to the idea of curvilinear impetus, which according to impetus theory, cannot be instantly dissipated and causes the ball to move in a curved path after exiting the tube.
Second, if RM reflects correct laws of physics, and not impetus principles, the magnitude of distortion in memory for horizontally moving projectiles shot out from the same height should be the same in the downward direction, regardless of their horizontal velocity. Hubbard (1995a) examined whether judgments of the locations of horizontally moving targets were influenced by implied friction between the targets and the surfaces. Targets sliding along the upper edge of a single stationary surface exhibited less forward displacement than did targets not moving along a surface. After the targets slid along the upper edge of a single stationary surface, horizontal RM was decreased, and downward memory distortions increased, in comparison with those targets that were not in contact with a surface. Hubbard (1995a) suggested that observers' representations reflect an "interaction between friction and gravity." According to Hubbard, the representational system exploits the pattern that, as an object descends along a parabola, the vertical component of motion increases as the horizontal component decreases, making us believe that the vertical and the horizontal components are interrelated. This pattern is remarkably similar to medieval impetus ideas that the more impetus is exhausted by friction, the more the force of gravity pulls the object down. According to correct physics laws, effects of gravity (producing downward displacement) are independent of horizontal velocity (in this case, produced by different amounts of friction).
Third, if correct physics laws are incorporated into the perceptual system, the memory displacement for objects of different mass falling in a gravitational field should be the same. Hubbard (1997) examined how target size influences the magnitude of memory displacement for falling objects. It was assumed that larger targets would be perceived as more massive, based on a long tradition of research on the size-weight illusion (e.g., Jones, 1986; Koseleff, 1957; Masin & Crestoni, 1988) . Hubbard (1997) found an effect of target size on memory displacement along the vertical axis, aligned with implied gravitational attraction. With descending motion, larger targets exhibited larger forward memory displacement than did smaller targets, whereas with ascending motion, larger targets exhibited smaller forward memory displacement. This is inconsistent with the behavior of a physical system, either in an ideal frictionless or in a real physical world, but reflects impetus ideas (see the detailed explanation of impetus and physical principles predictions for these cases in Table 1 ). To interpret the above results, Hubbard (1997) used the concept of representational gravity, suggesting that our representational system appears to reflect the phenomenological consequences of the physical principles of gravitational attraction. The concept of representational gravity is not consistent with the actual consequences of the gravitational attraction, but it strikingly resembles impetus ideas.
In summary, in situations in which impetus principles and Newtonian principles make different predictions, memory displacements are consistent with impetus principles. This suggests that the representational system does not incorporate or extrapolate the effects of environmentally invariant physical principles per se. Rather, as Hubbard (1998) recently suggested, the representational system appears to reflect the subjective or phenomenological consequence of those physical principles. Moreover, we argue that these subjective consequences, although very different, are all based on the impetus idea that energy is imparted to objects and cannot dissipate instantly. Although all situations that discriminate between impetus and Newtonian principles have obviously not been studied, what is important is that we did not find any case in the literature that reported a situation in which memory distortions reflected Newtonian theory, and not impetus theory.
Dissociation Between Implicit and Explicit Knowledge
Our review of the literature on naive physics and RM suggests that mental representations are composed of (1) conscious and explicit knowledge regarding objects' motion that can be either correct or incorrect, depending on knowledge of physics, and (2) nonconscious and implicit knowledge, which is influenced by our perceptual experience and reflects impetus notions. We now turn to the question of whether implicit knowledge is consistent or inconsistent with explicit knowledge.
There is a debate in the literature about whether the RM effect is cognitively penetrable or perceptually modular (Finke & Freyd, 1989; Hubbard & Bharucha, 1988) . On the one hand, specific context and characteristics of the stimulus objects can affect RM. For example, Reed and Vinson (1996) demonstrated that RM was greater for ascending motion when the target was a drawing of a rocket than when the target was a drawing of a church steeple. On the other hand, there is evidence that RM is resistant to viewers' conscious attempts to control it (Freyd, 1987) and thus cannot result from conceptual knowledge alone. Furthermore, Freyd and Jones (1994) found that RM for a ball emerging from a curved tube follows a curved trajectory, despite explicit knowledge that it should follow a straight trajectory.
To clarify the relation of explicit knowledge to implicit knowledge, it is important to compare the implicit beliefs of expert and novice physicists. If implicit knowledge is cognitively impenetrable by explicit knowledge of physics, RM should be consistent with impetus ideas for expert physicists, as well as for novices.
EMPIRICAL STUDY
We examined people's explicit and implicit knowledge of the effect of mass on the rate of ascending motion in three experiments. Ascending motion is a case in which Newtonian physics and impetus beliefs clearly make different predictions; it is not often experienced in everyday life, and it has not been studied extensively in the naive physics or RM literature. Table 1 shows the predictions of Newtonian physics and impetus beliefs for the effects of object mass on ascending and descending motion. It is important to consider these effects in both the real world, in which air resistance plays a role, and in a more "ideal" situation, often considered in physics instruction (e.g., in a vacuum), in which the effects of air resistance can be ignored.
According to Newtonian physics, in the absence of air resistance, all objects move (fall or rise) at the same rate, regardless of mass. In the presence of air resistance, a more massive object will either fall or rise faster than a less massive object of the same shape, because more massive objects are influenced less by the force of air resistance. The mass of an object is proportional to its density and volume-that is, one object can be more massive than another object owing to its higher density (when the size is the same) or to its larger size (when the density is the same). Even in the case of two objects with different sizes and the same density, the more massive (larger) object will move at a higher rate, because the effect of increased mass (proportional to the cube of L, where L is the length of an object side) will always exceed the effect of increased air resistance (proportional to the square of L). 2 In the case of descending motion in the presence of air resistance, impetus beliefs and Newtonian mechanics give the same predictions, although on a different basis. According to impetus theorists, gravity not only causes a descending object to fall, but also imparts to it an impetus, which acts in combination with gravity. The object is moved by constant gravity and continually growing impetus, so that it moves faster and faster. Heavier objects acquire more impetus as a result of gravity and thus accelerate faster (see Dijksterhuis, 1961 , for a historical review of impetus theories).
In the case of ascending motion, however, predictions of Newtonian mechanics and impetus theory are opposite. According to impetus theory, a more massive object ascends more slowly. At every moment of time, gravity interacts with continually decreasing impetus. A more massive object loses its impetus faster and therefore decelerates faster and ascends more slowly than a lighter object. According to Newtonian mechanics, a more massive object decelerates at the same rate (in the absence of air resistance) or at a slower rate (in the presence of air resistance) than a lighter object.
We conducted three experiments. The goal of Experiment 1 was to investigate people's implicit knowledge about ascending motion by examining whether they exhibit less RM for larger targets than for smaller ones when the targets ascend in a gravitational field. The goal of Experiment 2 was to examine explicit conceptual knowledge of people without physics training about objects' motion in a gravitational field. The goal of Experiment 3 was to examine how explicit abstract knowledge influences im-plicit knowledge by comparing RM for ascending targets of different sizes between people with different levels of expertise in physics.
In all three experiments, we focused on the case of ascending motion, for the following reasons. First, as is shown in Table 1 , impetus theory and Newtonian mechanics make the same predictions regarding descending motion, so only the case of ascending motion can discriminate which of these theories best describes implicit knowledge of mechanics. Second, in everyday life, a situation in which two different masses begin to rise with the same initial velocities is much more rarely experienced than a situation in which two different masses begin to fall with the same initial velocity equal to zero. This allows us to examine the effect of abstract conceptual knowledge (and not that resulting from perceptual experience) on RM displacement. Third, in contrast to descending motion, very few studies (e.g., Clement, 1983; Viennot, 1979) have examined beliefs about ascending objects. Clement (1983) found that a majority of his participants exhibited impetus views in this situation; they believed that a "force of throw" acts on an object thrown vertically up. We examined these beliefs further with regard to the ascension rates of objects of different mass.
Finally, Freyd and Jones' (1994) results regarding RM for the spiral tube problem can be explained by the fact that the momentum occurs along a path that is consistent with the inducing display (Freyd & Jones, 1994; Hubbard & Bharucha, 1988) . That is, simple pattern completion or good continuation would place the momentum along the spiral path. In order to deal with this possible alternative explanation, it is important to examine a situation in which RM effects cannot be explained by path completion. Ascending motion is such a situation, because it predicts different velocities along the same path, rather than different trajectories.
Experiment 1
In Experiment 1, we studied RM for ascending targets of different sizes. As was described above, Hubbard (1997) studied the effects of target size on RM while a target moves in the vertical direction and found that larger ascending targets exhibited less forward displacement, as compared with smaller ascending targets. In Hubbard's (1997) experiments, the velocity of a target stimulus was constant within each trial. But in the real world, objects do not move upward with constant velocity, as long as no internal-driven forces (such as the force of a rocket engine) act upon the object. Therefore, motion at constant velocity in a vertical direction might not be perceived as motion of a free object in a gravitational field. In our experiments, we examined RM in a situation in which we modeled the deceleration of objects in a real gravitational field. We hypothesized that even in this more realistic simulation, there would be more RM for smaller ascending objects than for larger ascending objects, reflecting impetus principles.
Method
Participants. The participants were 9 undergraduate psychology students recruited from the psychology subject pool at the University of California, Santa Barbara. One of these students had taken physics courses at the college level, 4 students had taken general physics courses at high school, and the other 4 students had not received any formal physics instruction.
Stimuli and Apparatus. The stimuli were programmed in Macromedia Director and were displayed by a PowerMacintosh 8500/180 computer on a 10 3 13 in. monitor with a viewing distance of approximately 18 in. The participants' responses and reaction times were recorded by the computer. The target stimuli were filled black squares with side lengths of 0.4 and 0.8 in., respectively, presented on a white background. In each trial, a square moving vertically upward was displayed on the computer screen by a sequence of six successive frames with a 150-msec stimulus duration and a 150-msec interstimulus interval. The velocity of the square was changed from frame to frame according to the following formula:
corresponding to the following shifts along the axis of motion (y-axis): Newtonian physics All physical objects, regardless All physical objects, regardless of (in the absence of of mass and shape, fall with the mass and shape, rise with the same air resistance) same acceleration. acceleration.
Newtonian physics More massive objects are More massive objects are (in the presence of influenced less by the force of influenced less by the force of air air resistance) air resistance and, as resistance and, as a consequence, a consequence, descend faster than ascend faster than less massive less massive objects of the same objects of the same shape. shape.
Impetus theory
More massive objects accelerate More massive objects accelerate at (regardless of air faster. Gravity imparts an a slower rate. An object's initial resistance) impetus (mv) to a descending impetus continually dissipates object, which then moves it in because it is overcome by the effect combination with gravity (mg).
of gravity. The more massive the The more massive the object, the ascending object, the more gravity faster it falls. counteracts its impetus.
where v is the velocity, g is the gravitational constant, k is the velocity damping coefficient (e.g., air resistance coefficient divided by mass) and v 0 is the initial velocity (see Bronson, 1994) . The initial velocity v 0 of a target was 634 pixels per second, the friction coefficient k was 0.2, Dt was 150 msec, and the gravitational acceleration g was 275 pixels/sec 2 . The values of the above constants were chosen to make the motion of a target look as natural as possible on the computer screen and were not equal to real-world constants.
(For instance, with actual gravitational acceleration g = 9.8 m/sec 2 , a target would move too fast to be shown on the computer screen as a sequence of successive presentations.) The target deceleration was displayed by varying the distance between successive presentations of the target by 91, 83, 74, 65, and 56 pixels, in that order. The ascending target crossed approximately 5 in. (74 pixels per inch) before it vanished. The final frame in the sequence was followed by a test frame (seventh frame) with a retention interval of 150 msec (the same as the interstimulus interval). The square depicted in the test frame was shifted slightly forward in the direction of motion, was shifted slightly backward in the direction of motion (the shift was 5 or 10 pixels), or was in the same position as the final square.
Procedure. The participants were first given 12 practice trials at the beginning of the session, drawn randomly from the experimental trials. They were given the following instructions:
In each trial, a vertically moving square will be displayed on the computer screen by a sequence of successive frames. A square in a trial may be large or small. Your task is to attend to all stimulus frames in a sequence and remember the square's final position in a sequence. The final frame in the sequence will be followed by a test frame. The square depicted in the test frame is either in the same position as the final square, is shifted slightly backward in the direction of motion, or shifted slightly forward in the direction of motion. You should remember the square's final position, compare it to the test square's position and indicate whether the two positions are the same. If the two frames are at the identical position, press the "i" key on the keyboard. If the test square is shifted backward or forward in the direction of motion, press the "d" key on the keyboard, which means that the two positions are different. The test square will remain on the screen until you respond. Although you should respond as quickly as possible, first of all, try to be as accurate as possible. . . First, the participant received 20 blocks of 12 trials (240 trials total). These trials consisted of equal numbers of same trials, trials in which the test square was shifted forward 5 pixels (which constitutes 9% of the final shift between the fifth and the sixth frames), and trials in which the test square was shifted backward on 5 pixels. Then, the participant received an additional 20 blocks of trials (240 trials, overall) consisting of same trials and forward and backward trials in which the test square position was shifted by 10 pixels (18% of the final shift between the fifth and the sixth frames). 3 The participant initiated each block of trials by clicking on a "continue" sign that appeared on the screen at the end of the previous block.
Results and Discussion
We predicted that more RM would be observed for small targets than for large targets, reflecting the incorporation of impetus principles into the perceptual system.
To compare the effect of object mass (size) on RM, we used Reed and Vinson's (1996) method of calculating RM. According to this method, RM is calculated by subtracting each participant's proportion of same responses for the 5-pixel shift of the test frame that is inconsistent with implied motion (downward 5-pixel shift) from the proportion of same responses for the 5-pixel shift that is consistent with the implied motion (upward 5-pixel shift). The RM effect was calculated separately for small and large targets. The mean RM effect for small ascending targets was 0.35 (SD = 0.19), indicating that the participants were more likely to answer same to the upward 5-pixel shift than to the downward 5-pixel shift. There was no significant RM effect for large ascending targets (the mean RM effect for the large target was 0.01, SD = 0.20). As was predicted, a paired-sample t test revealed a significant effect of target size: [t (8) = 2.48, p <.03]. The small ascending target produced significantly more RM than did the large ascending target. Reed and Vinson's (1996) method of computing RM does not use all the data, but only the data for probes of 65 pixels. A more conservative and commonly used measure of RM is to calculate the shift in the peak of the quadratic regression across all probes (cf. Freyd, 1987) . To show the reliability of the effect of mass on RM, the data were also subjected to a quadratic regression. Solving for the peak of the curve revealed positive RM for the small target (a shift of 2.9 pixels) and insignificant RM for the larger target (0.6 pixels), as is displayed in Figure 1 , 4 supporting the results we obtained with Reed and Vinson's method. In summary, the larger ascending targets did not produce RM, whereas the smaller ones did. This pattern is clearly consistent with impetus predictions.
An alternative interpretation of the above results is that participants know that a greater mass rises faster but are unable to evaluate the net effect of greater mass and greater air resistance on the movement of a larger object, assuming incorrectly that the effect of air resistance on a larger target would exceed the effect of increased mass. However, this interpretation of the results seems implausible for two reasons. First, if people incorrectly assume that the effect of larger size (and increased air resistance) is greater than the effect of increased mass, they should produce less RM for larger descending objects, as well as for larger ascending objects. However, Hubbard (1997) found that participants show more RM for larger descending objects than for smaller descend- ing objects. Only impetus theory predicts that, for descending motion, the larger target moves faster and, for ascending motion, the larger target moves slower. Second, Cooper and Munger (1993) found that sequences depicting motion of a triangle in the direction of its pointed end did not produce larger memory distortions than did sequences showing motion of a triangle in the direction of its base. This result suggests that people do not represent significant effects of friction between the target and the background medium.
Experiment 2
The goal of Experiment 2 was to examine the explicit knowledge of physics novices about objects' motion under the influence of gravity. We predicted that students' naive beliefs about the effect of mass on ascension rate would be consistent with impetus ideas.
Method
Participan ts. The participants were 103 undergraduate psychology students recruited from the psychology subject pool at the University of California, Santa Barbara, who had not received physics instruction at the college level. Ninety-three participants completed a written questionnaire regarding their beliefs about ascending and descending objects. Ten additional students were interviewed regarding these beliefs.
Questionnaire. The questionnaire consisted of five questions assessing participants' conceptual knowledge about motion (see the Appendix). The participants were asked to indicate which object (heavier or lighter) would fall or rise faster in the presence or absence of air resistance. They were also asked to draw and name all the forces, if any, acting upon a rising object.
Procedure. Ninety-three participants were tested in groups of about 30. On average, it took 5-10 min to complete the questionnaire, but the participants were not placed under any time restriction. Ten additional participants were interviewed on the same questions presented in the written questionnaire. During the interviews, they were asked to think aloud while answering the questions.
Results and Discussion
The percentage of participants choosing each response option to the f irst four questions are shown in Table 2 . A large proportion of students indicated correctly that, in the absence of friction, all physical objects, regardless of mass, fall with the same acceleration. However, more than half of the participants indicated that, for ascending motion, even in the absence of friction, a more massive object ascends more slowly. It is plausible that many participants have heard about Galileo's famous thought experiment that, in a vacuum, all objects fall with the same acceleration. It seems, however, that their knowledge does not transfer to the question regarding the acceleration of rising objects in a vacuum, which is just a mirror image of the problem with falling objects. The results for Question 3 are striking. Only 1 participant correctly indicated that, in the presence of friction, a less massive object ascends more slowly.
Chi-square analyses showed significant differences between students' responses on the questions related to downward and upward motion without air resistance [x 2 (1) 5 31.00, p < .001] and between the questions on downward and upward motion in the presence of air resistance [x 2 (1) 5 44.00, p < .001]. These results indicate that students' explicit beliefs are close to impetus theory, which predicts the same outcome for the effect of mass on ascension rate regardless of presence or absence of air resistance (see Table 1 ).
On Questions 2, 3, and 4, impetus and Newtonian theories make different predictions. In these questions, we used the chi-square goodness-of-f it test to examine whether the participants were more likely to choose the answer consistent with impetus than the answer consistent with Newtonian theory. This was the case x 2 (1) 5 25.82, p < .001, for Question 2; [x 2 (1) 5 84.05, p < .0001 for Question 3; and x 2 (1) 5 4.74, p < .03, for Question 4].
In Question 5, the students were asked to draw the forces acting on a rising object. Ninety-two students indicated that two forces act on a rising object-the force of gravity that acts downward and an upward force with which the ball was thrown (reflecting impetus theories). Only 1 student indicated correctly that only one force, the force of gravity, acts on a rising object. These results are consistent with previous studies (e.g., Clement, 1982; Viennot, 1979) and indicate the wide acceptance of impetus beliefs regarding the motion of objects in a gravitational field.
Informal interviews with 10 participants showed that they were susceptible to impetus beliefs. When asked to predict which of two ascending objects (a heavier or a lighter object) reaches a certain height first, all 10 participants stated that the lighter one does and explicitly stated that the heavier object ascends more slowly because it has to overcome a larger force of gravity. When asked what forces act on a rising object, all 10 participants stated that both gravity and the force of the throw act on the object. According to these participants, the force of the throw overcomes gravity, and when it is exhausted, the object begins to fall. The participants referred to their everyday experience that a more massive object should be thrown with a greater force than a smaller one in order to overcome the force of gravity. On the basis of the above experience, they made the erroneous conclusion that a more massive object ascends more slowly. Students' explanations were therefore consistent with fundamental ideas of impetus theory that (1) an internal force (the force of the throw) imparted to an object keeps it in rising motion and (2) this internal force is counteracted by gravity, which is greater for the heavier object and thus moves the heavier object downward faster.
The finding that almost all the students participating in Experiment 2 were susceptible to impetus beliefs suggests that, in the absence of specific contextual experience and physics training, people consistently fall back on impetus notions. In everyday life, a situation in which two different masses begin to rise with the same initial velocity is rare and less familiar than a situation in which two different masses begin to fall with the same initial velocity (equal to zero). The persistence and tenacity of naive beliefs exhibited by students seems to come from properties of our perceptual-representational system, which relies on impetus as a default heuristics.
Experiment 3
The goal of Experiment 3 was to examine how explicit knowledge of physics laws affects RM for ascending objects.
Method
Participan ts. There were 23 participants in the experiment. Eighteen participants were undergraduate psychology students recruited from the psychology subject pool at the University of California, Santa Barbara. Nine were true novices-that is, they had not taken any physics courses at either high school or college level; the other 9 students had taken at least one course in physics (mechanics) at the college level. In addition, 5 physics experts (graduate students and post-doctoral researchers with at least an undergraduate degree in physics) participated in the experiment.
The participants were pretested on the questionnaire used in Experiment 2, which included only those questions asking which of two objects with different density but the same size would rise or fall faster. They were not pretested on the questions asking about objects of the same density, but different sizes, so that the questions would not affect their RM responses. All the participants were naive to the research hypothesis until after their data had been collected. All the participants chosen for the novice group (those without physics training) stated, in this pretest, that the lighter ascending object would rise more quickly-that is, their predictions were consistent with impetus theory. The undergraduate students with a physics background and the physics experts chosen for the purpose of this experiment were those who correctly stated, in the pretest, that the more massive object would rise more quickly, since it was less influenced by the force of friction. In addition, all the participants were interviewed after the RM trials and were asked explicitly which of two objects of the same density, but different sizes, would rise or fall faster. The novices all answered these questions according to impetus beliefs, and the students with a physics background and the physics experts all answered them correctly.
Stimuli and Apparatus. The stimuli and apparatus used in Experiment 3 were similar to those used in Experiment 1. On half the trials the target was large, and on half the trials the target was small. As in Experiment 1, the ascending target crossed approximately half a screen (5 in.) before it vanished. In contrast to Experiment 1, we presented only the 5-pixel shift in Experiment 3, since this was the amount of displacement that showed the greatest memory distortions in Experiment 1. That is, the square depicted in the test frame was in the same position as the final square, was shifted 5 pixels backward in the direction of motion, or was shifted 5 pixels forward in the direction of motion.
Procedure. The procedure used in Experiment 3 was similar to that used in Experiment 1. The participants were first given 12 practice trials at the beginning of the session, drawn randomly from the experimental trials. They were given the same instructions as those in Experiment 1. Each participant received 20 blocks of 12 trials.
Results and Discussion
The mean proportion of same responses for different shifts of the test frame are shown in Table 3 . The RM effect was calculated for each participant (using Reed & Vinson's, 1996, formula) . Since no significant differences were found between the RM effects shown by physics experts and undergraduate students with physics knowledge [F(1,12) = 0.27, p = .61, for the large target, and F(1,12) = 0.04, p = .85, for the small target], they The results of this experiment support the idea that explicit and implicit knowledge are dissociated and that our implicit knowledge remains impenetrable by our abstract conceptual knowledge. Regardless of physics expertise or accuracy of explicit knowledge, people show a larger RM effect for smaller targets than for larger targets. It seems that both experts and novices possess the same set of impetus ideas on a perceptual level, although experts can successfully suppress these false beliefs at a conceptual level.
Discussion of Empirical Results
In summary, Experiments 1 and 3 provided evidence that when people are presented with an apparent motion display showing an ascending object, the size (implied mass) of the object influences the amount of RM observed. More RM is shown for small objects than for large objects. That is, RM effects conform to impetus predictions. Experiment 2 showed that novices' explicit judgments of the movement of ascending objects also conform to impetus principles. Finally, Experiment 3 showed that although people with physics training make correct explicit judgments about the effects of mass on ascending objects, their implicit knowledge, as revealed by RM, is not different from novices' knowledge and is consistent with impetus principles.
A previous study of the dissociation between explicit and implicit knowledge (Freyd & Jones, 1994) for McCloskey's (1983) spiral tube problem parallels the present study. Both Freyd and Jones' study and our study document situations in which people's explicit knowledge is more correct than their implicit knowledge. In Freyd and Jones' study, greater RM was observed for the impetus (spiral) than for the Newtonian (straight) path. In our study, the greater RM in both novice and expert groups occurred for the lighter, rather than the heavier, object along the same path of motion (consistent with impetus and inconsistent with Newtonian principles). Simple pattern completion or good continuation of motion, as well as the idea that momentum occurs along a path that is consistent with the inducing display, cannot explain the RM effect in our study.
It might be argued that the incorrect implicit knowledge observed in Experiments 1 and 3 is due to the lack of realism of the display. That is, a more realistic display might evoke additional contextual cues and thus facilitate correct predictions. There are two ways in which the display could be considered to be unrealistic. First, this study, like Freyd's studies (e.g., Freyd, 1987) used an implied motion paradigm in which participants are shown a series of static frames, rather than a continuous animation. However, Hubbard's studies (e.g., Hubbard, 1990 Hubbard, , 1997 show the same errors in RM for ascending targets, although the participants in those studies were presented with continuous animations. Second, RM studies often present participants with objects moving vertically with constant velocity, whereas, in fact, this is unrealistic for motion in a gravitational field. Nevertheless, our results show that incorrect RM effects occur even when the deceleration of ascending objects is modeled in the display. It is still possible, however, that correct implicit knowledge would be elicited in a much more realistic display, such as a videotape or a computer animation that shows continuous decelerating motion and much more contextual information.
The errors in implicit knowledge shown in RM studies seem to contradict results by Kaiser et al. (1985) that people can recognize the correct trajectory of objects coming from a curved tube when shown an animated display, even though they are subject to impetus misconceptions when shown a static display. The task in Kaiser Note-The " 5 pixel shift" refers to the shift of the test frame in the opposite direction of implied motion (downward shift). The "+5-pixel shift" refers to the shift of the test frame in the direction of the implied motion (upward shift).
et al. 's (1985) experiments, however, was very different from the RM task, in that it involved choosing between several possible trajectories and, most importantly, did not require immediate responses, as in the RM paradigm. The result that explicit knowledge of physics does not influence implicit knowledge might be seen as contradictory to the results of Reed and Vinson (1996) showing that conceptual knowledge can influence RM. For example, Reed and Vinson showed that there is more upward RM for a picture of an ascending rocket than for a picture of an ascending steeple. However, Reed and Vinson's research relates to the influence of everyday knowledge on RM, whereas our research relates to knowledge of abstract physics laws. People have experience seeing movies of ascending rockets, and this type of contextual experience might be the source of their implicit knowledge in this case. That is, specific everyday experiences might lead to specific implicit knowledge, so that Reed and Vinson's results might reflect specific implicit knowledge about a rocket's motion, rather than effects of explicit conceptual knowledge. This hypothesis could be tested in a future experiment, which contrasts the effect of specific perceptual experience on the magnitude and direction of RM with the effect of physics instructions. For example, one could give one group of people experience catching balls emerging from a curved tube and another group physics instruction relative to this task and examine which of the treatments has a greater effect on RM.
GENERAL DISCUSSIO N
This paper makes three contributions to understanding explicit and implicit beliefs about motion and their relation to historical theories of motion. First, a review of the naive physics literature reveals that although people make accurate predictions about familiar situations, they appear to fall back on impetus beliefs in unfamiliar situations. Second, a review of the RM literature reveals that when impetus beliefs and Newtonian theory make different predictions about the movement of an object, RM is consistent with impetus beliefs. Third, new experimental results support the view that RM is consistent with impetus beliefs and show that explicit knowledge of the laws of physics does not influence RM.
There have been a number of previous studies suggesting a dissociation between explicit and implicit knowledge of the principles of physics. For instance, Hubbard suggests that implicit knowledge reflects internalization of invariant physical principles, whereas explicit knowledge about motion may be less accurate. Similarly, Krist et al. (1993) suggested that perceptually based knowledge is more accurate than verbal concepts of motion.
In contrast, our study has documented a situation in which the explicit knowledge of people with physics training is correct, but the implicit knowledge of these people is in accordance with impetus theories (see also Freyd & Jones, 1994) . In what situations might we expect implicit knowledge to be inaccurate? Our data and other studies (e.g., Catrambone et al., 1995; Kaiser et al., 1985) suggest that implicit knowledge might be inaccurate in situations that do not occur very often in everyday life and for which impetus theory and Newtonian physics make different predictions. People rarely see two different masses thrown up with the same initial velocity or balls being shot through curved tubes. It is plausible that if people have specific experience, such as watching a juggler juggle objects of different masses or an athlete using a slingshot, they might develop correct implicit knowledge for these situations (which would be reflected in correct RM effects).
Our study suggests that in unfamiliar situations, in which an immediate response is required, people apply impetus principles as a default heuristic. To extrapolate objects' motion on the basis of physical principles, one should have assessed and evaluated the presence and magnitude of such imperceptible forces as friction and air resistance operating in the real world. This would require a time-consuming analysis that is not always possible. In order to have a survival advantage, the process of extrapolation should be fast and effortless, without much conscious deliberation. Impetus theory allows us to extrapolate objects' motion quickly and without large demands on attentional resources. Reliance on the notion that objects somehow lose their internal energy as a result of motion allows us to respond quickly to a variety of situations in a world in which air, land, and water all offer air resistance or friction. Impetus seems to reflect the phenomenological aspects of our interaction with objects, and it is not surprising, then, that impetus beliefs are retained, even though they occasionally lead to errors in predictions. However, when people have physics knowledge and have enough time for analysis of the situation, they can apply correct physics principles to make judgments about moving objects and can avoid impetus predictions.
A central result of this research is that the reliance on impetus heuristics is not restricted to novices. Physics experts are also subject to the same biases when they think intuitively. These results are strikingly similar to Tversky and Kahneman's (1986) findings about the lack of difference between expert statisticians and novices on the conjunction fallacy. Tversky and Kahneman showed that people rely on a limited number of heuristic principles, which reduce the complex tasks of assessing probabilities. Statistically sophisticated researchers were found to be prone to the same biases and errors as novices, and their intuitive judgments were subject to similar fallacies in more intricate and less transparent problems. Similarly, McKenzie (1994) found that most people's intuitive strategies for covariation assessment and Bayesian inference are surprisingly efficient under many conditions, even though they can lead to serious errors in other conditions. McKenzie argues that since these intuitive strategies are much simpler than normative strategies, they may be the most efficient means of ensuring accurate judgments. In a similar way, impetus principles are much simpler than Newtonian principles and may be the most efficient means of ensuring fast and accurate predictions about objects' motion in most everyday situations.
This research can help explain the striking similarity between the historical development of the theory of motion and students' misconceptions about motion and the persistence of these misconceptions despite physics instructions. We propose that implicit knowledge might be the source of explicit knowledge in both historical development and the development of an individual. Thus, naive impetus explanations, as well as medieval impetus theory, might appear as an attempt to verbalize everyday perceptual experience. We also argue that specific perceptual experience might lead to correct implicit and explicit knowledge-for example, the knowledge that water emerging from a curved hose follows a straight trajectory (Kaiser et al., 1986) . However, this knowledge will be very specific to the situation, and impetus ideas will still be used in very similar situations for which we do not have perceptual experience. This can lead to the mixture of correct and impetus ideas documented by diSessa (1983, 1988, 1993) and Ranney (1988 Ranney ( , 1994 .
In summary, we argue that impetus ideas reflect a systematic set of beliefs that people fall back on when they do not have specific contextual experience. Rather than characterizing knowledge as an idiosyncratic collection of ideas, we propose that both physics experts and novices possess the same set of implicit beliefs about motion. These implicit beliefs are based on perceptual experience and seem to exploit the "illusory" pattern that moving objects stop of their own accord as a result of losing their internal energy (impetus). We propose that these implicit beliefs can be suppressed in favor of correct physics principles, if one has learned these principles and has enough time to reflect, or as a result of specific contextual experience.
